SpBase is a system of databases focused on the genomic information from sea urchins and related echinoderms. It is exposed to the public through a web site served with open source software (http:// spbase.org/). The enterprise was undertaken to provide an easily used collection of information to directly support experimental work on these useful research models in cell and developmental biology. The information served from the databases emerges from the draft genomic sequence of the purple sea urchin, Strongylocentrotus purpuratus and includes sequence data and genomic resource descriptions for other members of the echinoderm clade which in total span 540 million years of evolutionary time.
INTRODUCTION
The enterprise which resulted in the sequencing of the purple sea urchin genome began with support from the sea urchin research community and the Stowers Institute for Medical Research. The early efforts were directed to the production of cDNA and genomic libraries that would benefit laboratory studies of this widely used biomedical research model. These early library resources were used as the subject of a variety of medium-throughput studies. Details of the sequencing efforts and availability of resources were presented on a web site: Sea Urchin Genome Project (SUGP; http://sugp.caltech.edu/SUGP). In addition to cDNA studies (see below), an increasing number of bacterial artificial chromosome (BAC) clones were sequenced and made available at this site.
Eventually these resources became the basis for the Sea Urchin Genome Sequencing Project (http://www.genome. gov/11008265). The Baylor College of Medicine Human Genome Sequencing Center took the lead in the genome sequencing project (http://www.hgsc.bcm.tmc.edu/ projects/seaurchin/).
The same rationale for sequencing the sea urchin genome, the utility as a research model, holds for the establishment of a thorough information system for this species. Gene discovery and characterization is much more efficient with a genome sequence in hand and highthroughput approaches soon emerge from the complete sequence available for a genome. Since the presentation of the genome in 2006 (1), the number of gene annotations has steadily increased. There are well over 10 000 annotations completed and listed in SpBase. Although the amount of expression information is as yet incomplete, these data have aided in gene discovery, too [see Ref. (2) for example].
The sea urchin genome sequence presents some unique problems for the bio-informatician. The high degree of polymorphism in the genome required special considerations in the assembly process (3) . The draft sequence is a mosaic of two haplotypes estimated from the assembly to differ by about 2%. Because no physical or genetic map is available for the purple sea urchin, the highest level of organization is the individual scaffold. Genome database software is not optimized to handle $29 000 units instead of the 5-50 chromosomal units presented for genomes with mapping information. The first manifestation of this problem is slow responses in genome browsers and search functions.
THE DATA

Species
Within the echinoderm clade, regular echinoids (sea urchins) have been extensively used as biomedical research models due to their ease of handling and availability. Furthermore they are an excellent group of species for comparative genomics ( Figure 1 ). Their fossil record is well-characterized back to the pre-Cambrian and molecular phylogenetic techniques have been extensively explored in the group (4) (5) (6) (7) . In addition to the reference species, Strongylocentrotus purpuratus (purple sea urchin), the database includes sequence information from other echinoderms, including three species of sea urchins (S. franciscanus, Allocentrotus fragilis and Lytechinus variegatus). A lesser amount of sequence data is also available from two other sea urchins (Arbacia punctulata and Eucidaris tribuloides) as well as a sea star (Asterina miniata) and a hemichordate (Ptychodera flava). We expect to see additional sequence incorporated from these species as ongoing sequencing projects are extended.
Genome Assembly Version_0.5
The first version of the purple sea urchin genome was deposited in GenBank in August of 2005 (3). It was assembled from about 7 million whole genome shotgun reads derived from plasmids with 2-to 6-kb inserts. The DNA came from a single male sea urchin that also provided the material for a large BAC library (8) . The reads represent about 6Â coverage of the genome which is estimated to be 800 Mb in size. They were produced and assembled at the Baylor College of Medicine, Human Genome Sequencing Center (http://www.hgsc.bcm.tmc. edu/projects/seaurchin/) using the Atlas assembler (9) . To aid in the assembly, about 109 000 BAC ends were sequenced from two different libraries: one with inserts averaging 130-160 kb and one with inserts of 30-50 kb. The N50 of the contigs >1 kb is 10.18 kb and the N50 of the scaffolds is 47.98 kb. The N50 size is the length such that 50% of the assembled genome lies in blocks of the N50 size or longer. Due to the preliminary nature of the scaffolding, the size of this initial assembly is 180 Mb larger than the estimated genome size and it is estimated to have about 15% redundancy when compared to 25 high-quality BAC sequences (3) . Still, the size of the contigs and scaffolds was sufficient for gene predictions since the size of an average sea urchin gene is about 10 kb. Because this assembly was used to prepare the official gene set (OGS), it is preserved in SpBase. It is available as a BLAST database for searching and displayed in a genome browser with other genomic features mapped to it (see below).
Genome Assembly Version2.1
In order to improve the assembly, additional sequencing of BAC inserts was undertaken (1, 3) . For a genome like the sea urchin one which is highly polymorphic, BAC clone sequencing offers an added advantage since each BAC insert is derived from a single haplotype. This strategy of combining 6Â WGS with low-coverage (2Â) BAC sequencing was proved successful for the Rat Genome Sequencing Project (10) . For the sea urchin, an additional efficiency was obtained by using a matrix pooling technique to reduce the number of sequencing libraries needed (11) . The BACs to be sequenced were derived from a minimum tiling path revealed by a restriction enzyme fingerprinting protocol. The Atlas assembler software was specifically developed to combine WGS and BAC reads. Each set of BAC reads is used to 'fish' for overlapping WGS reads and a local assembly is performed. The product is called an 'eBAC' and the eBACs are stitched together by overlap and mate pair bridging. The BAC reads from the other haplotype can be added to the assembly later in the process (3) . Thus the result is a mosaic of two haplotypes. This assembly was submitted to GenBank on 18 October 2006 as Spur_v2.1. This assembly is available at SpBase as a searchable BLAST database and in a genome browser. An alternate assembly was produced at National Center for Biotechnology Information (NCBI) which used mRNA, EST, protein and paired read alignments to order and orient the Spur_v2.1 scaffolds.
Expressed sequence tags
Expressed sequence tags (ESTs) and well-studied cDNAs from the purple sea urchin have been accumulating since the advent of arrayed libraries. Gene discovery and genomic sequence analysis both profit from these highthroughput approaches. A number of EST studies have contributed to the large data set of expressed sequences that number in excess of 140 000 sequences. Several independent sequencing or clustering projects contributed to this collection (8, 12 ; http://genome.wustl.edu; http:// www.hgsc.bcm.tmc.edu/projects/seaurchin/; http://www. molgen.mpg.de/$ag_seaurchin/). Most of these concentrated on embryonic stages of development although the Sea Urchin Genome Sequencing Project at Baylor did sample a variety of life stages and cell type libraries. It is interesting to note that a total of 93 636 transcribed sequences yielded 15 291 clusters in the June 2006 purple sea urchin Unigene build #10 at NCBI. Of these only 577 contain mRNAs and the rest are compiled from ESTs. This could represents as much as three-fourth of the genes in the genome. The largest gap in the coverage of transcribed sequences lies in the larval and adult stages, the embryonic cDNAs are well sampled by the EST projects that have been mounted to date. 
The gene models
The contigs and scaffolds of the Spur_0.5 assembly were judged of sufficient length to support the operation of gene prediction pipelines with a high degree of accuracy. Four different gene prediction algorithms were independently employed by individual groups to arrive at sets of gene models for eventual annotation: Gnomon at NCBI (13); FgenesH from Softberry (14,15) ; a Genescan approach [http://urchin.nidcr.nih.gov/blast/index.html; (16) ] and the Ensembl gene prediction pipeline (17) run by BCM-HGSC at Houston. Consensus gene models from these sets of predictions were generated by a statistical approach embodied in a program called GLEAN (18) . The final OGS included 28 944 models (1,3) . A careful estimate comparing the annotated genes and the statistics from various expressed sequence collections yielded a final estimate of 23 300 genes in the purple sea urchin genome (1).
BAC sequences
Over the period of time that the SUGP was underway, many individual BAC clones identified by the gene sequences they contained were sequenced to an ordered and oriented draft sequence (8) . The main purpose of this effort was to provide noncoding sequence near transcription units for comparative genomic analysis to find cis-regulatory modules. These sequences have been submitted to an automated scan that maps cDNA and other features onto the BAC sequences. These are displayed on a separate series of web pages organized by the gene of interest contained in the sequence.
Annotations
The automated analysis of the original 28 944 gene models predicted from the Spur_0.5 assembly was frozen for analysis and publication on 28 March 2006. A consortium of over 240 investigators and students volunteered to contribute manual annotations of these predictions into a SQL databse at BCM-HGSC (http://www.genboree.org/). Over 10 000 manual gene annotations have been submitted at the time of this writing. In turn they have been organized into a searchable annotation database and presented on the SpBase web site. In addition to a series of sequence coordinates on the assembly scaffolds, the predicted gene models are identified by similarity to ESTs, cDNAs or independently derived and translated protein sequence. Representative homologous matches where available from deuterostome species were employed to characterize gene models or in their absence protostome sequences. Missing gene features have been recalculated and added as well.
In a move unusual for a primary annotation effort, the annotation consortium chose to incorporate wherever available expression data for individual genes into the data set. This action was undertaken on the basis that data accumulation on the scale proposed by the consortium may not occur again for a long time. A formal list of embryonic, larval and adult structures as well as developmental times and stages are included in the input form for annotation data. In the process of accumulating these expression data, a whole-genome tiling array was hybridized to RNAs pooled from embryonic stages up to 48 h of development (19) . The resulting analysis showed that approximately 11 000-12 000 genes are utilized in the embryo, consistent with previous estimates from mRNA excess hybridizations performed 25-30 years ago. The tiling array data were used to correct and authenticate several thousand gene models during the genome annotation process.
The expression data accumulated during the annotation process is particularly interesting and is a major part of the information we wish to preserve and present. For example, these data show that expression of about 52% of the entire protein-coding genes in the sea urchin genome occurs in the first 48 h of development, up to the mid-late gastrula stage, while 80% of the sea urchin regulome of transcription factor genes (other than zinc-finger genes) are likewise expressed by 48 h of embryogenesis (20) .
THE DATABASES AND WEB SITE
In an effort to minimize software development, the SpBase information system was constructed using previously engineered open source software components. The components were designed and are maintained by the Generic Model Organism Database Project, or GMOD, a consortium supported by experienced genomic database enterprises including WormBase, FlyBase, MGI, SGD, Gramene, Rat Genome Database, EcoCyc and TAIR (http://gmod/org). The components developed there emerged from a formal list of general recommendations drafted by the genomics community at large and components continue to be released.
The assembled genome sequences and the genomic features mapped to the two genome assemblies are organized into a PostgreSQL database structured with a schema named Chado (21) . This schema was first designed for the Drosophila genome. It has more recently been generalized and included in the GMOD software suite. That the schema reached it's stated goals to be generic and extensible are evident in the frequency with which it has been adopted (21, 22) . The distinctive features of the schema include the use of controlled vocabularies and a modular structure organized around biological functions. Although the sea urchin system does not presently contain any information on genetic strains and microarray data, the portion of the schema for genomic features is well used. We have established independent databases for the two assemblies in order to preserve the sequence information used to predict the gene models and the most recent assembly, respectively. Because the Chado schema is independent of database management systems (DBMS), we were able to continue using the PostgreSQL previously constructed. PostgreSQL is a fully functional open source DBMS with over 15 years of reliable operation and many sophisticated features. It is continually upgraded and its SQL implementation strongly conforms to the ANSI-SQL 92/99 standards. The Chado schema is well integrated with Gbrowse, the genome viewer available from GMOD (see below).
Currently, the annotations for the predicted genes in the purple sea urchin genome are organized into a separate PostgreSQL database using a simple schema derived from the original annotation fields used at BCM-HGSC. This allowed a rapid and relatively error-free transfer of the data to SpBase. Gene nomenclature, sequence coordinates and expression information are all included in this database. Editing and new entry are accomplished through a series of forms pages. Searching is available through a simple form with the most central attribute fields from the annotations. In addition, the gene information page offers links out to the two genome-wide expression studies on the sea urchin genome (16, 19) . Although expressed sequences were used in gene model predictions, these links provide additional information as to temporal patterns of expression.
For sequence searches we have incorporated the NCBI standalone web BLAST package [author: Sergei Shavirin, NCBI; (23)]. We offer sequence searches of both assemblies (0.5 and 2.1); the predicted gene models as nucleic acid sequence and protein sequence; and the sequences of the available clones from our genome facility arrayed libraries. This last category includes some individual BAC sequences, ESTs and many BAC-end sequences. In this arrangement, it is possible to 'clone by blast', e.g. obtain DNA clones from sequences identified experimentally. The blast results are linked out to sequence objects in the genome browser from which the actual sequence objects can be obtained.
We have chosen to use Gbrowse, the most popular genome browser included in the GMOD suite of software. It is richly endowed with many features for displaying sequences and their annotations (24) . The constructor can include a variety of premade glyphs to document sequence features or design one's own. It is easy to attach arbitrary URLs to any annotation and thus link out to additional information. Furthermore, it supports third party annotations via GFF file formats. One can search on several different sequence attributes and easily download sequences. We offer either of the sequence assemblies in a Gbrowse format (Figure 2) .
While the sequence information is the central focus of this information system, we have also included several accessory functions as well. We have mounted a community bulletin board to facilitate discussion pertinent to the sea urchin genome information. In addition, a number of different text resources originally crafted for the SUGP web site have been copied over to SpBase. These include the annotated BAC maps and sequences developed as part of the Endomesoderm Gene Regulatory Network (25) (26) (27) . A variety of methods specific to arrayed library preparation are posted in this section. A list of PCR primers used by sea urchin experimentalists is also displayed here. A space for supplemental data from genomics papers published by the sea urchin community is also maintained in this section.
THE FUTURE
The primary effort in these first months of the construction of SpBase has centered on the display of the existing genomic information for the purple sea urchin and comparative sequence information from other echinoderms. The majority of the sequences are those produced by Figure 2 . A screen shot of the Gbrowse window for a specific gene model. The BACs and ESTs mapping to the scaffold from which the model originated are displayed. In addition to the sequences, the viewer has access to the actual clone designations and can order them from our facility.
BCM-HGSC and accessioned into GenBank. Almost all of the annotation information came directly from the databases at the BCM-HGSC web site. We have extensively edited these annotations to remove inconsistencies in, for example, gene names and to add missing information where available.
The primary change anticipated in the near future is the movement to a maintenance phase since the transfer is now complete. Most of the planned components are in place. We plan to add a Biomart search engine to support broad data mining functions. Other than that, our primary effort will be the collection and incorporation of new gene and genome data as available from literature sources as well as any future sequencing and assembly work. We expect to add a literature-based curation function such as Texpresso (28) to formalize the incorporation of new data.
